EXPERIMENTAL PROCEDURES

Extraction and Fractionation of Marine Crab Neutral
Glycolipids The materials used were essentially the same as those described in our previous work 14 . The crude sphingolipid fraction 3.5 g was obtained from 9 specimens of the marine crab Erimacrus isenbeckii gross weight, 3.2 kg by extraction with chloroform-methanol mixtures 2:1 and 1:1, v/v and mild alkaline hydrolysis as reported previously 14 , and was subjected to chromatography on a DEAESephadex A-25 column column bed volume, 300 mL; CH 3 COO form; GE Healthcare Co. ; subsequently, elution with chloroform-methanol-water 30:60:8, v/v removed the acidic compounds. The breakthrough eluate was then subjected to QAE-Sephadex A-25 chromatography column bed volume, 300 mL; OH form; GE Healthcare Co. 15 to remove contaminant polar compounds, namely phosphonocerebrosides 14 . The neutral compounds 1.45 g eluted with three column volumes of chloroform-methanol-water 30:60:8, v/v were acetylated and then fractionated on a magnesium silicate column 2.0 60 cm; Florisil, 60-100 mesh; Nacalai Tesque, Kyoto 16 . Successive elutions were performed with 300 mL of hexane-dichloroethane 4:1, v/ v , 150 mL of pure dichloroethane, 500 mL of dichloroethane-acetone 1:1 , 500 mL of dichloroethane-methanol 9:1 , 500 mL of dichloroethane-methanol 3:1 and 500 mL of dichloroethane-methanol-water 2:8:1 . The fractions of acetylated glycolipids eluted by dichloroethane-acetone 1:1 and dichloroethane-methanol 9:1 were combined and evaporated to dryness, and reacted with 0.5 M KOH in methanol at 37 for 6 h. The reaction mixture was dialyzed against tap-water, and lyophilized yield, 150 mg . The deacetylated product was applied to a column of porous silica gel 2.0 60 cm, Iatrobeads 6RS-8060, Mitsubishi Kagaku Iatron Inc., Tokyo equilibrated with chloroform-methanol-water 80:20:1, v/v . This column was treated with two consecutive linear gradient systems of chloroform-methanol-water 80:20:1, v/v 700 mL 50:50:5, 840 mL and 50:50:5, 800 mL 20:80:10, 960 mL . The effluent was collected in 5 mL-fractions and an aliquot from each tube was monitored on thin-layer chromatography TLC with a solvent system of chloroform-methanol-water 65:35:8, v/v and orcinol-H 2 SO 4 reagent for detection. Based on the TLC chromatographic evidence, the appreciable neutral glycolipids were divided into six fractions, Fr. 1, yield: 4.3 mg; Fr. 2, 4.3 mg; Fr. 3, 1.7 mg; Fr. 4, 10.1 mg; Fr. 5, 29.3 mg; and Fr. 6, 153.3 mg. Fractions 1 to 5 are used in this study.
Compositional Analysis
Compositional sugar analysis of the purified glycolipids, as their trimethylsilyl TMS methylglycosides was carried out by gas-liquid chromatography GC 17 18 . Additionally, alditol acetate derivatives were determined by GC and gas chromatograph-mass spectrometry GC-MS , on the same capillary column programmed to 200 and held at constant temperature. Glycolipid fatty acid and sphingoid compositions were determined by GC and GC-MS, using their methyl esters and TMS-derivatives 19 , on the same capillary column programmed at 2 / min from 170 to 240 for fatty acids and at 2 /min from 200 to 240 for sphingoids 18 .
Methylation Analysis
Samples 200 μg of the purified glycolipids were permethylated with NaOH and CH 3 I in dimethyl sulfoxide 20 .
The partially methylated glycolipids were hydrolyzed with a mixture of HCl-water-acetic acid by heating via microwave, reduced with NaBH 4 , and then acetylated with a mixture of acetic anhydride-pyridine 18 . The partially methylated alditol acetates obtained were analyzed by GC and GC-MS on the same Shimadzu HiCap-CBP 5 capillary column as described above. Electron impact EI and chemical ionization CI mass spectra were taken using a Shimadzu GCMS-QP 5050 gas chromatograph-mass spectrometer under the following conditions: oven temperature, 80 2 min to 180 20 /min to 240 4 /min ; interface temperature, 250 ; injection port temperature, 240 ; helium gas pressure, 100 kPa; ionizing voltage, 70 eV EI and 100 eV CI ; ionizing current, 60 μA EI and 200 μA CI ; reaction gas CI , isobutene. The peaks on the gas chromatograms were identified by comparison with retention times and their physicochemical data 21 .
De-O-Methylation with Boron
Tribromide 0.5 mL of dry dichloromethane containing the methylglycosides prepared via microwave methanolysis as described above, and added 0.2 mL of boron tribromide at 80 in a bath of acetone-solid carbon dioxide 22 . The reaction mixture was maintained at 80 for 30 min, allowed to warm to 20 , and kept overnight. After the removal of solvent and excess reagent by evaporation under reduced pressure, the residue was dried with methanol under reduced pressure and then was subjected to remethylglycosidation by microwave exposure for GC analysis.
Mild Acid Hydrolysis
Samples were partially hydrolyzed with 0.25 M HCl at 100 for 30 min. The hydrolysates were mixed with 5 volumes of chloroform-methanol 2:1, v/v ; the lower layer obtained was concentrated and the glycolipid fragments were separated by Iatrobeads column chromatography as described above. 
Enzymatic Hydrolysis by Exoglycosidases
RESULTS
Isolation of Neutral Glycosphingolipids, Mono-GL-
1 , Di-GL-2 , Tri-GL-3 and Tetraglycosylceramides GL-4a and GL-4b from the Marine Crab Extraction with chloroform-methanol 2:1 and 1:1, v/v and subsequent mild alkaline hydrolysis yielded 3.5 g of a crude sphingolipid fraction starting from the gross weight 3.2 kg 9 speciments of the marine crab E. isenbeckii. The crude sphingolipid fraction was subjected to three types of column fractionation ion-exchange Sephadex, magnesium silicate Florisil and porous silica Iatrobeads . As shown in 
Sugar Compositions of GL-1, GL-2, GL-3, GL-4a and
GL-4b Each glycolipid was methanolyzed via the microwave method 18 and the methanolysates were converted to trimethylsilyl derivatives for GC analysis. The gas chromatograms were used for the characterization of the sugar component s and the appropriate molar ratios were determined after correction for their relative molar responses. GL-1 was identified as only glucose, GL-2 as glucose and mannose molar ratio, 1:1 , GL-3 as glucose, mannose and galactose 1:1:1 , and both GL-4a and GL-4b as glucose, mannose, galactose 1:1:1 and another, unknown, sugar equivalent to about one molar Fig. 2 , A .
Identi cation of the Unknown Sugar as 3-O-Methyl
galactose Gal3Me in GL-4a and GL-4b As the fourth sugar in GL-4a and GL-4b, three unknown peaks appeared before the peaks of methylmannoside-TMS derivatives Fig. 2 , A-b and were identified as 3-O-methyl hexose by comparison with authentic 3-O-methyl glucose showing a very similar mass spectrum Fig. 2 , B . This sugar was also detected as an alditol acetate Fig. 3 , peak a , and was assigned as a 3-O-methyl hexitol acetate appearing to have the same mass spectrum as that of 1,2,4,5,6-penta-O-acetyl -3-O-methyl glucitol, which yields two primary fragment ions at m/e 189 and m/e 261 21 . In order to help identify this 3-O-methyl hexose from another point of view, GL-4a and GL-4b were subjected to methanolysis followed by demethylation with BBr 3 and re-methylglycosidation. The methylglycosides were analyzed as their TMS-derivatives by GC. The peaks corresponding to glucose, mannose and galactose were detected in molar ratios of 1:1:2, respectively data not shown . These results show that an additional mole of galactose was newly formed, suggesting that the unknown O-methyl hexose must be 3-O-methyl galactose.
3.4 Methylation Analysis of GL-2, GL-3, GL-4a, and GL4b In order to determine the sugar linkages, the partially methylated alditol acetate derivatives from each glycolipid were prepared and analyzed by GC and GC/MS, and the results are listed in Table 1 . Identification was accomplished by GC-MS analysis according to the data of Jansson et al. 21 . Methylation analysis revealed the presence of GL-4b 2 , and 1,4-linked glucose, 1,3-linked mannose and 1-linked galactose from GL-4b 3 . From these results, the sugar sequences and linkages would be GL-1, Glc1-; GL-2, Man1-4Glc1-; GL-3, Gal1-3Man1-4Glc1-; and GL-4a and GL-4b, Gal3Me1-4Gal1-3Man1-4Glc1-, respectively.
3.5 Anomeric Configurations of the Sugar Residues of GL-1, GL-2, GL-3, GL-4a, and GL-4b For determination of anomeric configurations of their sugar residues, GL-2, GL-3, GL-4a, and GL-4b were subjected to specific enzymatic hydrolysis. GL-2 was degraded to monoglycosylceramide with β-mannosidase from A. fulica Fig. 4 , A , and GL-3 was degraded to mono-and diglycosylceramides in a stepwise fashion through the consecutive actions of β-galactosidase from jack beans and β-mannosidase Fig. 4 , B . On the other hand, intact GL-4a and GL-4b were neither acted upon by a-galactosidase from green coffee beans nor β-galactosidase data not shown . However, GL-4b 3 prepared from GL-4b by mild acid hydrolysis was labile toward the sequential β-galactosidase and β-mannosidase treatment. For determination of the complete anomeric configuration of the sugar residue, especially 3-O-methyl galactose at the non-reducing termini of GL-4a and GL-4b, proton NMR spectroscopy was employed. As shown in Fig. 5 , in the anomeric region of the spectrum, four anomeric proton resonances were observed at 4.19 ppm J 1,2 8.0 Hz for β-glucose; at 4.31 ppm J 1,2 7.3 Hz for β-galactose; at 4.53 ppm for β-mannose; and at 4.82 ppm J 1,2 4.2 Hz for a-3-O-methyl galactose. From these findings, their sugar structures were identified as GL-1, Glcβ1-; GL-2, Manβ1-4Glcβ1-; GL-3, Gal β1-3Manβ1-4Glcβ1-; and GL-4a and GL-4b, Gal3Mea1-4Galβ1-3Manβ1-4Glcβ1-, respectively.
3.6 Aliphatic Components of GL-1, GL-2, GL-3, GL-4a, and GL-4b The aliphatic components of GL-1, GL-2, GL-3, GL-4a, and GL-4b were determined by GC and GC-MS, and are Tables 2 and 3 . Fatty acid constituents of the purified glycolipids consisted of 16-to 24-carbon fatty acids, of which nonhydroxyl C22:1 and C24:1 acid were major components, except for GL-4b. The presence of oddnumbered fatty acids, of 21 or 23 carbons for example, is a general feature observed in the lower animals. Thus, fatty acid components of GL-1 and GL-2 show a broad distribution of shorter to longer fatty acids, and include all three classes of saturated, unsaturated and hydroxyl acids. Fatty acid components of GL-3 and GL-4a were mostly unsaturated nonhydroxy longer chain fatty acids, such as C22:1 and C24:1 acids, with less hydroxy fatty acid than in GL-1 and GL-2. Fatty acid components of GL-4b mostly consisted of saturated and unsaturated hydroxyl C22 and C24 acids. Sphingoid components of the five purified glycolipids consisted of 14-to 18-carbon chains. Over 80 of sphingoid components are Δ 4 -sphingenine, and d16:1 sphingenine is a major constituent in all the glycolipids. Nonhydroxy and hydroxy aliphatic components of GL-1 and GL-2 cause these two glycolipids to migrate as a double band on the TLC plate Fig. 1 , lane 2 and 3 . GL-3 and GL-4a migrate as a single band on the TLC plate because these glycolipids consist mostly of nonhydroxy aliphatic components Fig. 1 , lane 4 and 5 . GL-4b also migrates as one band on the TLC plate because this glycolipid consists mostly of hydroxy aliphatic components Fig. 1 , lane 6 .
MALDI-TOF MS Analysis of GL-1, GL-2, GL-3, GL-4a, and GL-4b
The putative structures of five purified glycolipids were confirmed by positive-ion mode MALDI-TOF MS analysis as shown in h24:1-d16:1 and h22:1-d18:1 for GL-4b Fig. 6 , E , respectively.
Detection of At 3 Cer by TLC/immunostaining
As shown in Fig. 7 , anti-At 3 Cer antiserum detected an antigen At 3 Cer using an immunostaining method Fig. 7B , lane 2 . At 3 Cer in the neutral glycolipid fraction from the green bottle fly L. caesar also was stained by the antiserum Fig. 7B , lane 1 . In Fig. 7 , panel A, lane 3, GL-4b was the major component that stained positive with orcinol-H 2 SO 4 
DISCUSSION
In this study, neutral glycosphingolipids, mono-, di-, triand tetraglycosylceramides GL-1, GL-2, GL-3, GL-4a and GL-4b , were isolated and characterized from whole tissues of the marine crab E. isenbeckii, a member of the class crustacea in the phylum Arthropoda. In addition, phosphonoglucocerebrosides 4 -O-2-aminoethylphosphonyl Glcpβ1-1Cer and 4 -O-N-methyl-2-aminoethylphosphonyl Glc p β1-1Cer from this animal have been characterized as polar glycosphingolipids 14 . GL-1; Glcβ1-1Cer is one of the most ubiquitous glycosphingolipids in all animal species, from the so-called lower animals to higher ones, except for those having Gal-series GL-1 glycosphingolipids. A mannolipid, GL-2 is identified as MacCer; Manβ1-4Glcβ1-1Cer, which is widely distributed in Mollusca, Arthropoda, Nematoda and Brachiopoda 1 . GL-3; Galβ1-3Manβ1-4Glcβ1-1Cer, which is a major triglycosylceramide in this animal, has also been reported as a non-arthro-series mannolipid from the cell line High-Five TM established from the ovarian cells of the cabbage lopper Trichoplusia ni 12 . This nonarthro-series mannolipid substitutes a Gal residue for the terminal GlcNAc in the arthro-series At 3 Cer; GlcNAcβ1-3Manβ1-4Glcβ1-1Cer. Tetraglycosylceramides GL-4a and GL-4b are characterized as having the same novel sugar sequence, Gal3Mea1-4Galβ1-3Manβ1-4Glcβ, but with different aliphatic components. A very similar glycosphingolipid from the High-Five TM cell has been characterized as GalNAca1-4Galβ1-3Manβ1-4GlcβCer. These two mannolipids have the same anomeric configurations, the only differences being substitutions on the sugar species at the nonreducing end. In other words, the only differences are the 3-position methyl residue and the 2-position amino acetyl residue on Gal. Thus it seems there is some structural similarity in the glycosphingolipid sugar sequences of arthropod and non-arthropod animals.
Another characteristic feature of GL-4 is its methyl sugar component, Gal3Me. Methyl sugars attach at the non-reducing end of most glycosphingolipid that contain them. Various methyl sugar-containing glycosphingolipid structures have been characterized from water-living animals. For example, Gal2Me has been observed from the marine annelid Pseudopotamilla occelata Annelida 23 ; Fuc3Me, Gal4Me, GalNAc3Me, GlcA4Me or Xyl3Me from the bivalvia Hyriopsis schlegelii 13 It is indicative of a common characteristic glycosphingolipid that has been observed as one of the phenotypes from Arthropoda and Nematoda classified as the ecdysozoa. Lipid composition studies of some of these animals have disclosed common characteristic glycosphingolipids as a common biochemical phenotype. In the case of Drosophila, the neurogenic genes, βMan-T egghead and βGlcNAc-T brainiac which are necessary for At 3 Cer biosynthesis, are also essential for proper development of the flies 34 36 .
More specifically, proper development in Drosophila seems to be a function of the sequential glycosyltransferase-mediated elongation of membrane glycosphingolipid sugar chains 36, 37 . Furthermore, extension of the sugar chain may involve the stage-specific expression of phosphoethanolamine-containing glycosphingolipids in the Drosophila embryo 31 . Although disruption of the homologous C.
elegans gene is not lethal 38 40 , extended glycosphingolipid sugar chains are acceptors for phosphocholine which involve stage or spatial specific expression in developmental stages of C. elegans 41 . In only two genome-sequenced species, functions of glycosphingolipids are not equivalent. Clearly, species distribution of common or unique glycosphingolipid structures requires further investigation. It is also noteworthy that unsaturated fatty acids make up a major portion of the fatty acid composition of E. isenbeckii glycosphingolipids 14 . The occurrence of unsaturated fatty acid-containing ceramide moieties may confer a particular advantage to an inhabitant depending on its environment. Many poikilothermic animals adapt to changing environmental temperatures by modifying the degree of unsaturation of their lipids 42, 43 . For example, in fasting Daphnia pulex Crustacea, Cladocera , long-term exposure to cold temperature causes a significant increase in EPA 20:5 content 44 . There is other abundant evidence that the stability and fluidity of biological membranes are functions of the saturated and unsaturated fatty acid composition of the lipid bilayer. It should be noted that the habitat for E. isenbeckii used in the present research is limited to a high latitude, and hence a relatively cool environment.
CONCLUSION
The neutral glycosphingolipids mono-, di-, tri-and tetraglycosylceramides GL-1, GL-2, GL-3, GL-4a and GL-4b , were identified from whole tissues of the marine crab Erimacrus isenbeckii. Their structures were proposed to be as follows: GL-1, Glcβ1-1Cer; GL-2, Manβ1-4Glcβ1-1Cer; GL-3, Galβ1-3Manβ1-4Glcβ1-1Cer; and GL-4a and GL-4b, Gal3Mea1-4Galβ1-3Manβ1-4Glcβ1-1Cer. The major neutral glycosphingolipid in this animal was identified as a novel sugar sequence-containing structure, such as the predominant tetraglycoslylceramide to be Gal3Mea1-4Galβ1-3Manβ1-4Glcβ1-1Cer. Methyl sugar-containing glycosphingolipid structure from the marine crab is a characteristic feature of water-living animals.
For the comparative investigation of glycosphingolipids of Arthropoda, a mannnolipid, At 3 Cer was identified in the marine crab E. isenbeckii by TLC-immunostaining. The detection of At 3 Cer, although as minor component from the marine crab presumably reflects its common occurrence as a functional glycosphingolipid of the class crustacea in the phylum Arthropoda.
